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ACRONYMS AND ABBREVIATIONS

OBJECTIVE
The objectives of this program were to: 1) perform a literature search to determine previous research performed investigating the effects of anti-oxidants on aviation fuels after the fuel leaves the refinery, and 2) perform storage stability testing to determine the effectiveness of adding anti-oxidants to various fuels after the fuels leave the refinery.
INTRODUCTION AND BACKGROUND
The USAF performed a storage stability test using severely hydro-treated aviation fuel as part of their JP-8 to Jet A conversion program. 1 These fuels were procured with and without anti-oxidant (AO) being added at the refinery. The USAF mission was to determine if AO would be effective if added upon receipt, instead of at the refinery. In order to optimize the use of the test fuels, the U.S. Army utilized the remaining fuel to determine the effect of storage aboard the U.S. Army pre-positioned fleet for periods up to 36 months.
LITERATURE SEARCH
A literature search was conducted to determine previous research investigating the effects of AO on aviation fuel after it is transported from the refinery. which results in an acceleration of oxidation as well as a sharpening of the lubricant exotherm.
PDSC is ran using either an isothermal mode to measure oxidation induction time or a programmed temperature mode to measure the onset temperature of lubricant oxidation.
Anti-oxidant, Zinc Dithiophosphate (ZDDC) functions as both a radical scavenger and hydroperoxide decomposer that reduces the hydroperoxides formed during the oxidation process to nonradical products like alcohols while being oxidized and thus preventing chain propagation. This report covered a study of the effect of several storage environments on the stability of jet fuels. No correlation was found between peroxide number and insoluble residue formed in storage. There was some indication that the phenylene diamine-type additive was more effective in controlling soluble gum while the alkyl phenol-type was more effective in controlling insoluble residue. Eleven of the fuels in desert storage showed a high final gum content; a delay period was followed by a rather rapid increase in gum content that appeared to be approximately a linear function in time. Fuels that were exposed to the air had appreciably higher soluble gum content than those which were not deliberately exposed, but not applicable to insoluble residue.
Drums that formed large amounts of soluble gum (>10 mg/dl) also had the greatest oxygen depletion. Fuels made up of 100% straight run distillate, were all relatively low in soluble gum. Complementary experimental and computational techniques were developed to enable the prediction of jet fuel oxidation and deposition. Data was obtained using a near-isothermal thermal stability flow rig at 185°C for seven fuels with measurement of oxygen consumption, hydroperoxide production and surface deposition.
Many factors are involved in the production and destruction of hydroperoxides in fuel. Metals catalyze oxidation and thus increase the oxidation rate and hydroperoxide production rate.
Reactive sulfur species remove hydroperoxides and thus lower the hydroperoxide level and increase the removal rate. Phenols react with peroxy radicals and thus slow the oxidation rate and slow the rate of production of hydroperoxides. Oxidation rates of fuel samples and the amount of deposition produced was measured using the following species class. Fuel polars, and phenol in particular. Sulfides and disulfides react with fuel hydroperoxides to produce non-radical products. Nitrogen compounds such as amines, indoles, carbozels, etc. The importance to thermal oxidation and deposition is poorly understood. Dissolved metals increase the deposition rate by a catalytic pathway and also may provide catalysis of other reactions. Proportional relationships between the measured species class concentrations and model inputs were obtained except for the metals. Anti-oxidants were used in gasoline to control gum formation, but gave reduced performance when copper was present. Metal deactivators were used in gasoline in 1939 and have been used in other fuels, such as jet fuel, without further modification. Use of the metal deactivator MDA in jet fuels has become controversial as it can improve Jet Fuel Thermal Oxidation Test (JFTOT) results even when deleterious metals are not present. Many researchers have indicated that mechanisms other than chelation also exist, such as surface passivation and bulk phase reactivity.
Despite numerous efforts these continue to be less than adequately defined.
At the trace levels often found in copper containing fuels, 50 µg/kg and above, hydrocarbon peroxidation is greatly accelerated. Other trace metals can cause similar effects but the size of the effect is strongly dependent on the metal. The vast petroleum industry is based upon the premise that most of its products will be combined with oxygen for the production of energy in the form of heat or power; either intermittently as in gasoline and diesel engines, or continuously as in jet engines, industrial energy sources, and domestic heating units. In all of these uses oxygen is often more an enemy than a friend, and much effort on the part of the petroleum chemist has been expended in trying to circumvent its attack. Section VI provides the following topics of discussion for jet fuels: Three-year outdoor bottle and column storage tests described in ASTM STP 531 have been completed on four Navy distillate fuels. The total insolubles were linear functions of the time in storage in both the bottle tests and in the accelerated 43.3ºC beaker tests. About the same amount of new total insolubles formed in one week of beaker storage as formed in one month of bottle storage at an effective temperature of 19ºC. The stability ranking of the four fuels was essentially the same regardless of which test was used and regardless of whether total insolubles or the rate at which additional insolubles were formed was used as the basis of the ranking. The geographic location for outdoor bottle tests was an important factor and was probably related to the average annual temperature at the location. The fuel systems in advanced aircraft will subject the fuel to more severe thermal stress and increased recirculation than in current designs. This work was undertaken as part of a study to determine the impact of copper contamination on the suitability of current JP-5 fuels in such advanced aircraft systems. Three issues were addressed in this study: 1) the impact of temperature and dissolved copper concentration on oxidation, 2) the catalytic activity of copper entrained in fuel sediment, and 3) the validity of the use of copper dop-ants to simulate exposure to copper-containing alloy surfaces. Examinations of liquid-phase oxidation by analyses of oxygen consumption and hydroperoxide formation rates were used to characterize the impact of copper to accelerate fuel oxidation in a flow system as a function of both temperature and copper concentration. From these measurements, the oxidation regime was represented graphically in a plot that expresses the impact of temperature and copper concentration on liquid-phase oxidation for that particular fuel. It was also found that if the time that the fuel was exposed to copper was relatively short, i.e., days or weeks, as opposed to months or years, it made no appreciable difference whether copper was introduced from exposure to copper-containing surfaces or from addition of a chemical compound. A stirred glass reactor was employed to measure the catalytic activity of copper entrained in fuel sediments on fuel oxidation. It was found that the catalytic activity of copper-containing sediments was negligible at up to 150C. Although long-term storage of jet fuel in large storage tanks and depots has been extensively studied, little work has been conducted on jet fuel stored in smaller containers. Because the surface area to volume ratio for fuels in small tanks is much larger than the ratio for large tanks, it was assumed that fuel aging and deterioration would be accelerated when stored in smaller tanks.
"Development of a Test Method for the Determination of the Hydroperoxide Potential and
Anti-oxidant Effectiveness in Jet Fuels
In this study, Jet A-1 grade fuel was stored in small, 30 liter, onboard aircraft fuel tanks. The fuel's physical and chemical properties were monitored for 24 months. Most of the fuel's characteristics showed no significant changes over the course of the study. Rises in both initial boiling point and flash point were noted, as well as some fluctuation in total acidity and water separation.
The only significant change in fuel properties found during the study was a drop in JFTOT thermal stability, which, for most of the systems monitored, went off specification after a short 6 month period. In an attempt to identify the causes of this drop, further tests were conducted on the samples monitored in the program, as well as other samples taken from similar aircraft systems. No correlation could be found between off-specification JFTOT results and other parameters tested, such as trace metal concentration, sediment, water content, and microbial growth. Although the cause for the off-specification JFTOT could not be determined, the assumption was that it was caused by degradation processes in the fuel. Furthermore, it was found that for the aircraft fuel system being studied, poor fuel thermal stability has little impact on engine performance.
The test program showed that for the particular fuel system being studied, no significant changes in the jet fuel's properties and composition were noted over a 2 year period. The higher surface area to volume ratio of the fuel tanks studied did not have an adverse effect on the fuels physical and chemical composition. The objective of this program was to obtain and/or generate data to answer a variety of technical and logistical questions concerning the conversion from JP-8 to Jet A and support the current field demonstrations, as required. Multiple tasks were performed to investigate various potential problem areas. These included the requirement for static dissipater additive, a filtration study, an evaluation of Aquarius as an alternative water management option, an evaluation of the need/feasibility to inject anti-oxidant upon base receipt of the fuel, and an additive cocktail blending study to reduce the logistics of additive addition.
If the conversion from JP-8 to Jet A was authorized, the aviation fuel may or may not have anti-oxidant added at the refinery. Therefore, one task was to determine what issues the lack of anti-oxidant might cause. The acid number, Jet Fuel Thermal Oxidation Test (JFTOT), gum content, and peroxide number were determined for the various fuels.
Selected samples were also provided to the Naval Research Laboratory (NRL) for thermal stability testing using the Navy's low pressure reactor (LPR) test method. Based upon the data generated in this report and support data generated by NRL, Jet A shows no issues with long-term storage stability up to 24 months. The USAF also obtained 16 into-plane Jet A samples to ensure that the findings from the limited set of fuel samples were generally applicable to the fuels from in the field. The data generated by both SwRI and NRL from the into-plane Jet A samples agrees with the data generated from the selected four fuels used for this study.
Material compatibility testing was performed using buna-n, Viton, and fluorosilicon elastomers soaked in the four fuel types. There were no apparent material compatibility issues between the material and the fuel with or without anti-oxidant. The question of whether Jet A can be used as a drop-in replacement for JP-8 in military tactical platforms was investigated. Since commercial Jet A does not contain any anti-oxidants, the focus of this work was to determine if Jet A fuel stability could be mediated appropriately by adding an approved anti-oxidant (AO) to purchased product downstream in the supply chain.
In order to make an educated decision regarding the substitution of Jet A for JP-8, two issues had to be resolved. The first was to understand the extent to which anti-oxidant-free hydrotreated Jet A fuels tend to undergo autoxidation degradation in the supply chain. The second issue was to determine the relative effectiveness of adding approved anti-oxidants to a reactive jet fuel at the refinery versus adding the anti-oxidant after the fuel has undergone autoxidative degradation in the supply chain or during extended storage.
Twenty-two Jet A samples, some with and some without anti-oxidant, were stressed in a low pressure reactor (LPR) at 90C and 100 psig O 2 for 24, 48, and 96 hours. Autoxidation during this stress was monitored by measuring hydroperoxide concentrations and anti-oxidant consumption. It was found that all Jet A fuels tested in the LPR under these conditions were stable for up to 16 hours stress time, which is generally considered to predict roughly two years of ambient storage. However, a review of the origins of this correlation in the literature, in addition to our findings obtained under different LPR test conditions, have placed into question the applicability of such accelerated stress testing to predict storage stability of reactive fuels. There was also evidence that addition of the JP-8 additive package (corrosion inhibitor, fuel system icing inhibitor, static dissipater) served to increase the extent of autoxidation of these fuels in the LPR.
STORAGE STABILITY TESTING
The USAF performed storage and thermal stability testing of severely hydro-treated aviation fuel The four test fuels initially used for this study were: At fifteen weeks, the fuels from Australia had not shown the expected poor thermal stability as suggested from the field. These samples remained in storage, but the sampling time was extended to every six weeks. The two Jet A samples from the USAF study that had the military additive package added to the fuel was included in this matrix for the remainder of the study.
Although referred to as JP-8 for this report, these fuels do not necessarily meet the freeze point requirement for JP-8.
Samples were analyzed every three weeks using the four tests shown below. The data for the tests was reduced and it indicated that the failing tests that defined the Week 0 through Week 21 breakpoints were indeed Abnormal ratings. The heater tubes were inspected and confirmed the ratings. As suspected, the failing Abnormal ratings were of the light, translucent blue variety. The deposits at higher temperatures, in Weeks 24-36, were visible but not Abnormal.
TFLRF ran representative heater tubes from Week 21 and Week 24 on the ellipsometer. The ellipsometer is a valuable research tool for evaluating heater tube deposits. In its most basic format the ellipsometer can give comparison data to the visual rating, Table 1 . Below are nominal values for normal testing. The median breakpoint is 285°C, most fuels fail on normal deposition and the limit is a Visual Tube Rating (VTR) Color Code of three and the latter corresponds to an ellipsometer depth of approximately 85nm.
As indicated above, the 'failing' Abnormal deposit is well below the typical deposition for failures from normal deposits. Another way to look at this is to inspect the deposition maps for these tubes. However, all of those cans were filled from a single drum of filtered fuel and they were all, except for Week 0, stored in the same 43°C walk in oven. The Abnormal deposits are there and then they are not. This is unusual but not unheard of.
While this effect is startling, the change from a good fuel to an exceptionally good fuel is not an operational issue. More important is the less dramatic but steady trending of the fuel supplied without AO from good to marginal. This is not particularly important for commercial use of Jet A as it is not stored for long periods but it definitely reinforces the earlier SwRI recommendation to the USAF 1 to introduce AO into fuel destined for long term storage (within 24 weeks).
Another key point to consider is the additional information that shows the other JP-8 additives have a negative impact on thermal oxidative stability with time. In the USAF report on this issue, this observation was stronger in the fuel delivered without AO than for the fuel with AO. In this report the aged fuels show an essentially equivalent decline into marginal performance characteristics.
ACID NUMBER AND PEROXIDE NUMBER RESULTS
The acid number and peroxide number data is shown for the entire storage period in Figures 6-7 respectively. As in the previous USAF The current data still supports adding AO to Jet A fuel destined for storage. This additional testing also reinforces the findings in the USAF and NRL reports that adding the other JP-8 additives in storage is not advisable.
CONCLUSION
A literature search was conducted to determine previous research investigating the effects of anti-oxidants on aviation fuel after it is transported from the refinery. Based upon the initial results, the data revealed the fuel from Australia was stable. Therefore, JP-8 fuel, with and without anti-oxidant, was added to the test matrix until the conclusion of the storage test.
The test fuels were stored at 43ºC for 36 weeks to simulate storage at ambient temperature for 36 months 3 . A summary of the results for each fuel type is provided.
1. Australian Jet A1, as received and with AO: both fuel were remarkably stable with no significant change in any of the properties. Anti-Oxidant itself has no direct impact on thermal oxidative stability but it can prevent the formation of chemicals that do.
3. A hydro-treated Jet A delivered with AO, tested as received and with JP-8 additives (no additional AO): This testing fell into two categories, predictable and not. As might be expected the addition of the JP-8 performance additives was not kind to the fuel. The unpredictable point was the sudden, dramatic increase breakpoint just past midway in the storage testing.
The current data still supports adding anti-oxidant to Jet A fuel destined for storage. As part of the USAF and NRL conclusions, it was determined Jet A could conservatively be stored without problems for 24 months. However, this research demonstrates Jet A with AO can be stored without issues for 36 months. There is some indication from other studies, that the standard CI/LI material might be the source of long term storage issues for JP-8 additives but proving that would take additional effort. This additional testing also reinforces the findings in the USAF and NRL reports that adding the military additives in storage is not advisable.
